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Comparison of upper tropospheric humidity retrievals
from TOVS and Meteosat
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Abstract. Two different methods for retrieving upper tropospheric humidity
(UTH) from the TIROS Operational Vertical Sounder (TOVS) instruments aboard
NOAA polar orbiting satellites are presented and compared. The first one, from
the Environmental Technology Laboratory, computed by J. J. Bates and D. L.
Jackson, estimates UTH from a simplified radiative transfer analysis of the upper
tropospheric infrared water vapor channel at 6.7 ym wavelength measured by
High-resolution Infrared Radiation Sounder (HIRS). The second one results from
a neural network analysis of the TOVS (HIRS and Microwave Sounding Unit
(MSU)) data developed at the Laboratoire de Météorologie Dynamique. Although
the two methods give very similar retrievals in temperate regions (30°-60°N and
S), the latter is larger by up to 16% in the tropics. The two data sets have also
been compared with the UTH retrievals from infrared radiance measurements at
6.3 pm wavelength from the geostationary satellite Meteosat. These products are
taken from the archive without any reprocessing that would take care of known
biases. Since the Meteosat UTH in 1989 was confined to clear-sky areas, it has a
dry bias. The differences observed among the three data sets can be explained.
UTH computation is sensitive to assumed air temperature and humidity profiles.

Despite the biases the spatial and temporal correlations are very good. Overall,
the comparison of the two TOVS retrievals provides an assessment of the UTH
uncertainties, about 15-25% (relative). With regard to the Meteosat UTH it is
concluded that the archived product performs well in depicting spatial and temporal
changes. For future quantitative analyses, a reprocessing of the Meteosat UTH is

suggested.

1. Introduction

One of the major controversies about atmospheric
distribution of water vapor concerns its amount in the
upper troposphere. Outgoing longwave radiation (OLR)
fluxes are very sensitive to this quantity [Spencer and
Braswell, 1997], especially in a dry atmosphere, so up-
per tropospheric humidity variations can have impor-
tant effects on climate changes. Unfortunately, wa-
ter vapor is poorly measured in the upper troposphere
where radiosonde measurements are unreliable [Elliott
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and Gaffen, 1991; Soden and Lanzante, 1996]. There-
fore water vapor measured from satellites is a way
to add important information, especially since satel-
lites provide the only globally complete analysis of hu-
midity fields. Recent papers have described several
data sets based on clear-sky infrared radiances from
the moisture-sensitive channel onboard geostationary
satellites [Schmetz and Turpeinen, 1988; Turpeinen and
Schmetz, 1989; Soden and Bretherton, 1993] and po-
lar orbiting satellites [Bates et al., 1996; Stephens et
al., 1996; Chaboureau et al., 1998]. Currently, the geo-
stationary measurements provide information regarding
the vertically averaged water vapor content of the up-
per troposphere (roughly 300-600 hPa), while the polar
orbiter measurements describe the vertical distribution
of the tropospheric moisture from the surface to about
100 hPa.

Several methods exist to retrieve water vapor amount
in the upper troposphere from satellite infrared radi-
ances. The different methods are usually dependent on
ancillary data such as radiosondes or European Centre
for Medium-Range Weather Forecasts (ECMWF) pro-
files. A comparison between different satellite retrievals
is one way of evaluating the quality of the remote sens-
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ing observations. In this study we compare three of the
most extensive data sets of upper tropospheric humid-
ity (UTH) retrieved from satellites (described in section
2) in order to assess current uncertainties. Since we use
the Meteosat observations, the domain of study is re-
stricted to the Meteosat view of the Earth, centered
at 0°W,0°N, with a 55° latitude-longitude radius. A
physical retrieval method, based on a neural network
approach, is compared to two analytical methods based
on a simplified radiative transfer theory to relate brigth-
ness temperature to relative humidity. Perfect agree-
ment is not expected yet because algorithms, spectral
channels, and the upper tropospheric layers observed
are slightly different. The results of the comparisons
are described in the section 3. In section 5, we try to
explain the systematic differences.

2. Data Description

The quantity UTH is defined as the weighting func-
tion averaged relative humidity computed over a deep
layer of the upper troposphere between 200 and 600 hPa
in a simple relationship to infrared brightness tempera-
ture (7}) measured by both TIROS-N Operational Ver-
tical Sounder (TOVS) channel 12 (6.7 um wavelength)
and the Meteosat water vapor channel (6.3 pm wave-
length). Such channels are sensitive both to air temper-
ature and to moisture in the upper troposphere, which
explains the interpretation of T, in terms of relative
humidity, which is also a function of temperature and
specific humidity. The following study is done for 4
months in 1989 (January, April, July, and October) in
the Meteosat domain. The year 1989 was selected as an
example within the 1987-1995 common coverage period
of the three data sets. The Meteosat image is subdi-
vided into segments of 32 x 32 IR pixels, correspond-
ing to about 160 x 160 km at the subsatellite point or
about 200 x 200 km on average. The other data sets
used in this study are averaged on the same grid. UTH
retrievals are available from Meteosat only twice daily
(1100 and 2300 LT), whereas four retrievals, two from
NOAA 10 (0730 and 1930 LT) and two from NOAA
11 (0230 and 1430 LT), are mixed to compute UTH in
both TOVS data sets. The temporal resolutions exam-
ined are 5 days (pentads) and monthly averages.

In the following, the three UTH data sets are defined
and the relative humidity in percent is calculated with
respect to liquid water. Percent values will also repre-
sent absolute differences of relative humidity or relative
differences of relative humidity, as indicated in the text.

2.1. UTH From TOVS/HIRS, A Simple T,
Interpretation

This first UTH data set is from the Environmen-
tal Technology Laboratory and was computed by J.
J. Bates and D. L. Jackson (BJ-UTH). The computa-
tion uses TOVS/HIRS (TIROS-N Operational Vertical
Sounder/High-resolution Infrared Radiation Sounder)
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radiances from channels 12 (6.7 um), 4 (14.2 pm), and
6 (13.7 ym). Channels 4 and 6 are used for operational
temperature sounding (74 and Tg), whereas channel 12
(Ty2) is sensitive to water vapor and air temperature
in the upper troposphere. The radiances are limb cor-
rected and cloud cleared by the operational NESDIS
(National Environmental Satellite Data and Informa-
tion Service) TOVS processing package | Werbowetzki,
1981; Kidwell, 1991]. The UTH retrieval method is
based on the work by Soden and Bretherton [1993],
using forward radiative transfer simulation, with some
changes according to Stephens et al. [1996]. The water
vapor channel brightness temperature T, is interpreted
as UTH, which is supposed to be the relative humidity
in the 300-500 hPa layer, using

< UTH >

= bT;2,
<B> ) =a+bT2

log( (1)
where < . > stands for the vertical average of a quantity.
< B > is a function of the difference (T5-T4) as shown
by Stephens et al. [1996, Figure 11], except that the
factor cos 8 is equal to 1, since angular corrections were
applied to the radiance data.

Minor changes have been introduced by D. L. Jackson
(personal communication, 1999), such as using temper-
ature and humidity profile information from the clima-
tological database TIGR-3 [Chédin et al., 1985; Cheval-
lier et al., 1998] instead of TIGR-2, changing the Malk-
mus [Malkmus, 1967] radiative transfer model for the
MODTRAN [Berk et al., 1989] model and basing the
weighting function on temperature profiles instead of
atmospheric transmission profiles (in order to allow the
weighting function to stay in the upper troposphere for
most profiles). An uncertainty of approximately 15-
20% (relative error) is estimated for this UTH product
[Stephens et al., 1996], but larger uncertainties exist
poleward of 45°. This is a limitation of the method,
which has difficulty retrieving UTH when air tempera-
ture is too low.

The BJ-UTH values have been constrained in order
to avoid relative humidities with respect to ice greater
than 100%, which leads the UTH values with respect to
water (BJ-UTH product) smaller than 70%, a threshold
observed in the data (see section 3).

2.2. UTH From Meteosat, A Simple T}
Interpretation

The radiances come from the water vapor (WV) chan-
nel of Meteosat, sensitive to radiation between 5.7 and
7.1 pym. In this study the Meteosat UTH products
(Met-UTH) are taken from the archive at EUMETSAT
and thus reflect the state of the retrieval algorithm in
1989. Then the retrieval was based on a look-up ta-
ble derived from radiative transfer calculations for a set
of fixed UTH values. The ECMWF forecast tempera-
ture profiles (from surface to 100 hPa) and ECMWF
forecast humidity profiles (from surface to 600 hPa)
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are used in the method to specify atmospheric struc-
ture. Between 300 and 600 hPa the humidity profile is
varied, and above 300 hPa, humidity decreases linearly
to 0% at 100 hPa. With these profiles, spectral radi-
ances are calculated with an efficient radiative transfer
model to produce a look-up table. The absolute error
of this UTH product is estimated to be about 10-15%
[Schmetz and Turpeinen, 1988]. However, the charac-
teristics of the Met-UTH product are to a large extent
determined by the selection of the clear-sky radiances
used in the retrieval and satellite calibration. These
have been greatly improved since 1989. Therefore it is
important to note that the Met-UTH product used here
is what is currently in the EUMETSAT archive. The
salient features of the 1989 Met-UTH are as follows:

1. The Met-UTH was confined to retrievals in seg-
ment areas (32 x 32 pixels) which were completely free
of medium- and high-level clouds. Obviously, this in-
duces a dry bias that may exceed 30% (absolute) in
moist regions. The reason for this procedure was that
a "clean” comparison with radiosonde was desired; in
partly cloudy areas this would not have been possible
because a radiosonde could have traveled through the
cloudy air, while the satellite radiance would not ac-
count for this. A climatology of such a Met-UTH prod-
uct has been described by van de Berg et al. [1991].

2. The Met-UTH product suffered from a bias in the
calibration which has been overcome, at least to a large
extent, by the changes described by van de Berg et al.
[1995]. Thus the comparisons with the mean Met-UTH
is valuable only in a qualitative sense. More recent anal-
yses [Schmetz et al., 1995] were based on reprocessed
data sets, which included various improvements.

2.3. UTH From TOVS/HIRS: A Neural
Network Approach

UTH is computed from the precipitable water amount
in the 300-500 hPa layer retrieved with the Improved
Initialization Inversion (3I) method [Chédin et al., 1985;
Scott et al., 1999)] applied to NOAA-TOVS radiances
(hereinafter called 3I-UTH). This water vapor data set
is provided by the Laboratoire de Météorologie Dy-
namique (LMD). As for the BJ-UTH, the level 1B
satellite radiance data are calibrated using coefficients
provided by NOAA following the procedures set forth
by Kidwell, [1991]. The 3I method to retrieve at-
mospheric, cloud, and surface variables is a physico-
statistical method based on a pattern recognition ap-
proach. After determination of the temperature profile,
cloud amount along with cloud top pressure and tem-
perature are estimated using the procedure described by
Wahiche et al. [1986] and improved by Stubenrauch et
al. [1996, 1999]. The HIRS radiances in channels sen-
sitive to water vapor, HIRS 8(11.1 pm), HIRS 10(8.3
pm), HIRS 11(7.3 pm), and HIRS 12(6.7 pm) and in
the window channels are then corrected for the effects
of partial cloud cover, making use of the previously
determined cloud parameters. No cloud correction is
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attempted if the effective cloud amount is larger than
60%. Precipitable water amounts (above the surface to
100 hPa and above the 850, 700, 500, and 300 hPa levels
to 100 hPa) are then retrieved using a nonlinear neural
network approach [Chaboureau et al., 1998]. The neural
network is trained using the atmospheric profiles from
the TIGR-3 database as outputs and the corresponding
radiances calculated from the "4A” (Automatized At-
mospheric Absorption Atlas [Scott and Chédin, 1981])
model as inputs.

To compare with Met-UTH or BJ-UTH products, the
31 precipitable water amount in the 300-500 hPa layer
has to be transformed into UTH. As the transformation
is strongly sensitive to air temperature (see section 4.2),
the 3I-UTH has been calculated using daily retrieved
precipitable water amount and temperature for the 300-
500 hPa layer and then averaged 5 day or monthly val-
ues. The saturated vapor pressure has been calculated
with respect to liquid water at three levels within the
300-500 hPa layer to have more accurate UTH results
(since UTH is not exactly uniform in the 300-500 hPa
layer).

3. Results
3.1. Spatial Variability

Figure 1 presents scatterplots in the tropical portion
of the Meteosat view which compare the spatial vari-
ations of three UTH data sets. The 3I-UTH is more
humid for tropical regions (best linear fit slopes larger
than 1 when compared with BJ-UTH and Met-UTH)
and Met-UTH is the driest. The larger dynamical range
for the 3I-UTH results in a much better agreement in
the dry regions than in humid regions. Despite the bi-
ases observed, the three data sets show very similar spa-
tial patterns. Indeed, the spatial correlations are larger
than 0.95 with an UTH standard deviation smaller than
6.5% (absolute). Two out of the four months in Table 1
(January and April) show smaller correlations in the
comparison with Meteosat (0.92-0.94) and greater stan-
dard deviations of about 7% (absolute), which is not
surprising in view of the known shortcomings of this
data set. Note that the January/April 1989 UTH is
based on Meteosat 3 observations, while July/October
1989 used Meteosat 4, which had an improved water
vapor channel (e.g., 8 bit digitization).

The temperate regions (30°-60°N and S) are drier
overall than the tropical regions; the 3I-UTH data set
shows this difference very well. In the midlatitude
regions the correlation between the data sets are al-
ways larger than 0.98 with an UTH standard deviation
smaller than 3.5% (absolute), as shown in Table 2, ex-
cept for the comparisons with BJ-UTH in January and
July. This discrepancy between the BJ-UTH and the
other two data sets is also observed in the scatterplots of
Figure 2 and appears mostly at higher latitudes in the
winter hemisphere (north in January and south in July),
where BJ-UTH becomes larger than the other two data
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Figure 1. Scatterplots in the tropical regions (30°N- 20 g@e slope=  1.75354
30°S) of Meteosat view for January, April, July, and o
October (4 months in the same plot): (a) 31 versus BJ, ) ‘ ' '
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for correlation and std for standard deviation. UTH-MET (in %)
C
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Each column represents a two data set com- Figure 2. Same as Figure 1 in the midlatitude regions

parison (2600 values). (30°-60°N and 30°-60°S).
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between 30° and 40° (N and S) and BJ-UTH larger be-
tween 40° and 60° (N and S). Met-UTH is always much
smaller than both TOVS retrievals; the best linear fit
slope is between 1.76 and 1.80.

Figure 3 illustrates the differences of spatial patterns
between each data set and the mean of the three (only
July is shown). Each UTH data set is in agreement
with the mean to within 7% (absolute) in the dry re-
gions and within 21% (absolute) in the more humid re-
gions, UTH-3I being wetter and Met-UTH drier. The
BJ-UTH is in agreement within 7% (absolute difference)
over the whole region, except in the winter at high lati-
tudes where it is more humid by up to 20% (absolute).
A 7% absolute bias in dry regions and a 21% absolute
bias in humid regions represents a relative bias to the
mean of more than 30% in both regions. The absolute
difference between the two TOVS (BJ and 31) UTH
data sets is < 4% in dry regions and < 12% in humid
regions, up to 15% in very humid zones (not shown).
The relative bias to the mean in this case is about 15%,
between 20 and 25% in very humid and very dry regions.
The latter differences might be a better estimate of the
current uncertainties in satellite UTH values because of
known problems into the 1989 Met-UTH.
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In conclusion, the three data sets, are very well corre-
lated spatially but exhibit systematic discrepancies in
the magnitude of the mean variation from humid to
dry conditions. Indeed, the range of average humidi-
ties suggests UTH uncertainties of more than 30% (less
than 25% if only the two TOVS UTH are considered),
despite the fact that the accuracy of each data set has
been estimated to be about 10 to 20% (relative error).

The best spatial correlation for the four months is
observed between BJ and 3I in tropical regions and be-
tween Met and 3I in midlatitudes. The best relative
humidity agreement is observed between BJ and Met
in tropical regions and between 3I and BJ in midlati-
tudes. Since the spatial correlation is rather good, it is
worth looking more carefully at the temporal variabil-
ity, using monthly and 5-day means.

3.2. Temporal Variability

Variations on two timescales are explored. Figure 4
shows the monthly differences of zonal means (every 5°
latitude) UTH between summer and winter months and
between autumn and spring months, approximating the
annual cycle amplitude in the three data sets. The Me-
teosat view is divided into two parts, the west part be-

Figure 3. UTH difference (in percentage) between the data sets (a) 3I, (b) BJ, (c) Met and
the mean of the three in July. For clarity, note that light gray is between +21 and +7%,; gray is
between +7 and -7%; and black is between -7 and -21%. (d) Average of the three data sets in

July 1989 (in percentage).
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Figure 4. Monthly differences of UTH zonal mean average on every 5° of latitude over the west
part (left) and the east part (right) of the Meteosat view. (top) January-July differences; (bot-
tom) April-October differences. Negative latitude are for Southern Hemisphere. The standard
deviations to the zonal mean (error bar) are shown for 31 only; 3I, solid line, BJ, dotted line, and

Met, dashed line.

ing dominated by ocean (Figure 4 left) and the east part
by land (Figure 4 right). Error bars represent the zonal
mean standard deviations for the 3I data set (which has
the largest variability). The January-July difference is
significant over land, showing the seasonal movement of
the Intertropical Convergence Zone (ITCZ) across the
equator. On the sea (Figure 4 left) the January-July
difference is not significant compared to the error bars.
The ITCZ has less variability over sea than over land, as
is also shown by precipitation analyses and water vapor
data in the work of Peizoto and Oort [1992].

The April-October difference has a significant pos-
itive maximum in the southern tropical ocean (west
part), which is not observed on land and which is linked
to a large relative humidity and precipitation rate east
of Brazil over the southern Atlantic Ocean in April.
This feature has also been observed by Peizoto and Oort
[1992] in other data sets.

In general, the zonal mean correlation among the
three data sets is good (larger than 0.8, except for
the January-July over ocean). The 3I-UTH presents
slightly larger amplitude but not significantly, com-
pared to the error bar. The annual amplitudes given by
the three data sets are similar (35% +15% for January-
July over land and 25% +£10% for April-October over
sea).

We select four regions of 15° latitude by 15° longitude
in the Meteosat view as shown in Figure 5. Regions A
and B are in the tropical zone (15°N-15°S). Region A

is definitely in a subsidence region, while region B has
its relative humidity amount varying with ITCZ move-
ment. Regions C and D are located northward and cen-
tered at latitudes 22.5°N (region C) and 37.5°N (region

regions location

AT

............................................

.........................................

Figure 5. Position of the four [15° latitude x 15°
longitude] regions described in the text. The latitude-
longitude grid shows limits of the four following boxes:
Region A, B, C, and D.
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Figure 6. Five-day-average anomalies time series plotted for the four selected regions of Figure
5: 3I, solid line, BJ, dotted line, and Met, dashed line.

D). We focus on 5 day average anomaly time series plot-
ted in Figure 6. For a given UTH method the anomalies
are defined as 5 day average minus the mean for the cor-
responding month. The anomaly calculation eliminates
the biases among the three data sets and shows intra-
monthly anomalies. The third pentad of 1989 is missing
since no data were available in the NESDIS TOVS op-
erational data for this period. In region A the 5 day
average correlation is very good (Table 3). In region B,
3I-UTH has significantly larger anomalies in April and
January but is still well correlated with the other two
data sets (Figure 6). In the northern region D, where
the variations are smaller, the correlation is the worst

Table 3. Correlation and RMS (in Percentage,
in Parentheses) in Four Different Regions Shown
in Figure 5

but still good (0.6-0.7), as shown in Table 3. The error
bars represent the spatial standard deviations of the
mean. The rms differences among the data sets vary
from 5% (absolute) between BJ-UTH and Met-UTH in
dry tropical region A to 23% (absolute) between 3I-
UTH and Met-UTH in humid tropical region B (Table
3). Despite the large biases the temporal variations of
the three data sets are in excellent agreement within the
error bars in the four regions. Thus the intramonthly
anomalies determined from all three data sets appear
to be reliable.

Figure 7 is a space-time Taylor diagram which sum-
marizes the spatial-temporal agreement among the three
data sets. Here anomalies are defined with respect to a
spatial-temporal mean, calculated with all pentad time
series of the region considered (regions A, B, C, D or
the whole Meteosat view). The 3I-UTH, which has the
largest average humidity and variations, has been cho-

31/BJ 3I/Met BJ/Met
Region A 0.96(6.0)  0.93(9.7)  0.96(5.0)
Region B 0.95(15.6) 0.96(23.6)  0.96(9.1)
Region C  0.90(6.8) 0.90(15.7)  0.87 (9.6)
Region D 0.76(5.9) 0.62(17.7) 0.78(16.8)

sen as the reference data set. The circle identified by
1 is the variance normalized to the reference data set
variance. Data plotted near this circle have similar am-
plitude variations as the reference data; data closer to
the center have smaller amplitudes. The angle with re-

The correlation and rms are calculated with 5-
day-averaged time series (plotted in Figure 6) over
the following months: January, April, July, and Oc-
tober 1989. Each column represents a two data set
comparison (20 values).

spect to the Y axis represents the correlation with the
reference data set. High correlations are closer to the X
axis, and low correlations are closer to the Y axis. The
3I-UTH has the largest space-time variance (all points
are within the circle = 1), except in region D where BJ-
UTH has a slightly greater amplitude. Met-UTH has
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Figure 7. Taylor diagram: Space-time variance of
UTH in four regions and the global Meteosat view by
BJ and Met with 3I as reference. The radial coordinate
gives the magnitude of total variance normalized to the
reference data set, and the polar coordinate gives the
correlation with the reference data set. A, B, C and D
represent the respective regions plotted in Figure 5. E
stands for the Meteosat view. Capital letters stand for
BJ data set and small letters for Met data set.
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the smallest variance, except in the subsidence region A
where BJ-UTH shows lower variance. A decrease of the
space-time correlations with latitude is observed (Fig-
ure 7). In tropical regions the correlation is between
0.87 and 0.94, in region C between 0.77 and 0.87, and
smaller than 0.64 in region D. A "global” correlation of
about 0.87 is found for the whole Meteosat view.

4. Can the Bias Among the Three Data
Sets Be Explained?

According to the results of section 3, a systematic dis-
agreement is observed in the relative humidity amounts
and in the time-space variances. We try to explain these
discrepancies.

4.1. Weighting Function

The 3I-UTH provides values larger than the other
two data sets in the convective zones but similar in
the subsidence zones. The 3I-UTH values are for the
300-500 hPa layer whatever the region observed and
its conditions, whereas the precise layer represented by
the other two methods depends on the weighting func-
tions, which depend on both the water vapor amount
and the temperature vertical profiles. The maximum of
the weighting function shifts from about 300 hPa for a
wet tropical profile to about 500 hPa for a dry tropical
profile (Figure 8). The maximum of the weighting func-
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Figure 8. Water vapor channel weighting function of four satellites (Met 3, Met 4, NOAA 10,
and NOAA 11) for two profiles: (left) a humid profile (300-500 hPa humidity of 100%, 300-
500 hPa water vapor content of 1.26 cm, air temperature between 246° and 270°K); (right) a
dry profile (300-500 hPa humidity of 1%, 300-500 hPa water vapor content of 0.0064 cm, air
temperature between 235° and 263°K). Corresponding brightness temperatures follow the name

of the satellite.
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tion also depends on the view angle of the satellite. In
humid cases the BJ and Met methods measure UTH in
a layer slightly above the 300-500 hPa layer and lower
in dry cases. Thus the relative humidity amount mea-
sured by these two methods is different than measured
by the 3I method depending on the profile. The effect of
the shifting weighting function is to reduce the magni-
tude of the difference of UTH between wetter and drier
profiles, which explains the larger dynamical range of
3I-UTH.

Using the 4A radiative transfer model, we calculated
the brightness temperatures corresponding to all the
TIGR-3 profiles for the four following water vapor chan-
nels: channel 12 (centered at 6.7 um) for HIRS on
NOAA 10 and NOAA 11 and the water vapor chan-
nel (centered at 6.3 pm) for Met 3 and Met 4. Two
examples are plotted in Figure 8, one for a dry profile
and one for a humid profile. Although the instrument
spectral response function shapes are very different, the
weighting functions plotted in Figure 8 are nearly the
same, but the same water vapor amounts correspond
to different brightness temperatures. The bias between
brightness temperatures from Met 3 and Met 4 is about
3°K. These differences are taken care of in the calibra-
tion and the physical Met-UTH retrieval, which con-
siders the spectral response functions in the radiative
model calculations. Thus UTH from Met 3 and Met 4
in the present study are not much different. The ab-
solute difference between Meteosat and NOAA-TOVS
brightness temperature is about 1.5°K. These bright-
ness temperature discrepancies are observed for all the
TIGR-3 profiles.

4.2. Air Temperature Sensitivity of the
Transformation From Precipitable Water
Amount to Relative Humidity

To illustrate the sensitivity to air temperature of the
conversion of the 3I precipitable water vapor amount
to UTH, we performed three experiments. In the first
experiment the 3I precipitable water amount is trans-
formed into UTH using 3I-retrieved air temperature
(UTH,) and this value +1°K (UT H;41). The 1°K dif-
ference, which corresponds to a 0.5% relative error in air
temperature, introduces more than 10% relative error
in UTH (not shown). This result is in agreement with
Peizoto and Oort [1996] who show that 1% variation
on air temperature can induce more than 20% relative
error in UTH.

The sensitivity of the transformation to air tempera-
ture errors is emphasized in a second experiment, which
consists of comparing two 3I-UTH products: the first
product (UT H,) is transformed from daily precipitable
water amount and daily air temperature, then averaged
over the month. The second product (UT H,,) is trans-
formed using the monthly mean values of precipitable
water amount and air temperature. Table 4 shows the
difference between these two products. UTH,, is sys-
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tematically larger than UT H4 by 4% (absolute). This
effect results from the fact that the monthly average air
temperature is less variable by about 0.5% compared to
daily air temperature and in this way produces the 4%
absolute difference in UTH.

The last sensitivity test uses two different saturated
vapor pressures. Air temperature averaged over the
300-500 hPa layer is used to calculate the first saturated
vapor pressure (ew, ). Air temperatures derived at three
different levels (300, 400, and 500hPa) give three satu-
rated vapor pressures, which are then averaged over the
whole layer (ews). The UTH data set calculated with
ews is systematically drier than the UTH data set cal-
culated with ew;. The largest absolute bias, between 12
and 20%, is observed in regions poleward of 40°, where
the temperature is the coldest and UTH more sensitive
to temperature variations. In the tropical band between
30°N and 30°S the absolute bias is smaller than 3-6%.
The variability of temperature in the tropical band is
relatively small.

The tests applied to 3I-UTH show that a 1% relative
error of air temperature can induce more than 10% rel-
ative error of UTH. Likewise, a small variation of air
temperature within the 300-500 hPa layer can induce
significant change in saturated vapor pressure and so in
the UTH retrieval. The third test stresses the sensitiv-
ity in very low temperature cases because the largest
absolute biases are observed at high latitudes.

4.3. Cloudy Regions and Calibration in
Met-UTH Algorithm

As shown by Gaffen and Elliott [1993], the climato-
logical column water vapor content in the lower tro-
posphere (surface to 400 hPa) for clear-skies is smaller
than for cloudy-skies. The difference is about 10 to
15% (relative) in tropical regions and can be larger in
midlatitude zones. An explanation for Met-UTH prod-
ucts providing values smaller than the other two TOVS
data sets (best linear fit slopes larger than 1 both com-
pared with BJ-UTH and 3I-UTH) could be caused by
the particular UTH retrieval algorithm in operation at
that time. As mentioned above, in 1989 the Met-UTH
operational product was derived only for "large” areas

Table 4. Absolute RMS and Bias (UT Hpy,-
UT Hy) for Four Months of 1989

Months January April July October
RMS 4.0 5.5 4.3 4.7
Bias -3.2 -4.7 -2.8 -3.7

UTH,, stands for 3I relative humidity com-
puted with water vapor content and air tempera-
ture monthly means and UT Hy for 31 relative hu-
midity computed with daily values and monthly
averaged afterward. The region is only the Me-
teosat view.
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of 32 x 32 pixels free of cloud at pressures smaller than
700 hPa. Thus the clear radiances mixed with cloudy
values were not used to derive UTH. This could make
the product a lot drier since we avoid cloud-free areas
in the proximity of clouds and could also reduce the
dynamic range of Met-UTH product. A later change
(after 1989) in the Met-UTH product includes clear ra-
diances from partly cloudy regions and leads to a large
increase in the dynamic range, as shown in the following
comparison: Figure 5 of van de Berg et al. [1991], be-
fore the change compared to Figure 5 of Schmetz et al.
[1995] after the change, exhibits a 20% absolute differ-
ence in the convective zone humidity. Thus an absolute
bias of at least 20% in moist regions could be explained
by excluding clear radiances from partly cloudy regions
in Met-UTH retrieval.

A bias between Met-UTH and the two TOVS UTH
is also observed in dry regions. The offset observed in
Figure 1 between Met-UTH and BJ-UTH is probably
induced by a calibration bias. Indeed, van de Berg et
al. [1995] proposed a new calibration of Meteosat radi-
ances, which decreases the radiances by 8% (relative),
and so increases Met-UTH accordingly. The bias cor-
rection in the UTH depends on the UTH value.

The Met-UTH algorithm has been improved over
time, so UTH products from the archive are not ho-
mogeneous. An important suggestion from this study
is that future studies of the UTH product should be
based on a reprocessing with a state-of-the-art algo-
rithm and retrieval method and not based on the cur-
rently archived data. The salient point of this section
is that in view of the known characteristics of the Met-
UTH of 1989 (avoidance of partially cloudy regions and
calibration bias), any discussion of a bias of the Met-
UTH is premature.

5. Conclusion

In the present study, three upper tropospheric humid-
ity (UTH) data sets retrieved from satellite measure-
ments have been compared. The retrieval characteris-
tics depend on the satellite radiance calibration, the re-
trieval algorithms, and all additional assumptions, par-
ticularly regarding the constancy of the vertical profiles
of temperature and humidity.

Comparison of each data set to the mean of the three
gives a range of values of 20% (absolute) in the convec-
tive zone and 7% (absolute) in the arid zones. Using
only the two TOVS UTH values, the range decreases
to 15% (absolute) in very moist regions and 4% in dry
regions. Such a range is significant (relative difference
to the mean of the three data sets is more than 30% and
about 15-25% for only the two TOVS) compared to the
published uncertainty estimates for the UTH retrievals
(relative uncertainties of 15-20%). Different explana-
tions for the discrepancies were investigated.

We note the difference between the UTH quantity
and the relative humidity in the 300-500 hPa layer. By
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definition, UTH is directly related to the 6.7 um bright-
ness temperature but interpreted in terms of the rela-
tive humidity in a broad layer (about 200-500 hPa);
however, the precise limits of the layer represented vary
depending on the air temperature, the specific humidity
profile, and the view angle of the satellite as we have
shown. In other words, there is a systematic shift in the
layer altitude with humidity which can reduce the mag-
nitude of humidity changes. In contrast, the 3] method
retrieves the relative humidity in a fixed layer, 300-500
hPa, which is not the same as UTH. The difficulty of
computing UTH derived from precipitable water vapor
content has also been emphasized and is mainly due to
the conversion sensitivity to air temperature. Concern-
ing the Met-UTH and in view of the known character-
istics of this Met-UTH product of 1989 (avoidance of
partially cloudy regions and calibration bias), it can be
stated that any discussion of a bias of the Met-UTH is
premature. Spatial and temporal variability, however,
are captured by Met-UTH consistent with the variabil-
ity shown by the two TOVS products. '

All three methods use ancillary data to evaluate the
model and to follow the evolution of the sensor through-
out its lifetime. Given the inaccuracy of the radiosonde
observations of humidity in the upper troposphere [El-
liott and Gaffen, 1991; Soden and Lanzante, 1996, re-
liance on them may introduce problems. Several studies
[Eyre, 1987; Reuter et al., 1988] also illustrate the im-
pacts that ancillary data, as radiosonde observations,
can have on the final retrievals. The errors introduced
in this way in the three methods are hard to quantify.

The spatial and temporal correlations among the
three methods is very high, around 0.9 for the spatial
correlation and 0.85 for the time-space correlation. The
3I-UTH shows larger variability than the other two data
sets; the lower variability of Met-UTH and BJ-UTH
could come from the variation of the weighting func-
tion peak altitude with humidity (section 4.1).

The present comparison gives the uncertainty of rel-
ative humidity in the upper troposphere retrieved by
satellite (based on the 1989 year). The range of sys-
tematic differences is more than 30% (relative), which
is largely explained by known differences in the product
characteristics. Future reprocessing with a state-of-the-
art algorithm and retrieval should significantly dimin-
ish these biases. This is especially true for the Met-
UTH product which was taken from the archive and
thus reflects the retrieval implementation as of 1989.
An assessement of the ”current” uncertainty of UTH
from satellite using only the two TOVS data sets sug-
gests that it is about 15-25% (relative), which is slightly
larger than previous estimates. This study underlines
the importance of the details of each method for com-
puting UTH. The high correlation (larger than 0.8) both
in space and in time gives confidence in the UTH vari-
ability results and encourages us to believe that addi-
tional work to understand the relative merits of each
method may produce a consensus algorithm and a more
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accurate product. It should also be noted that the exis-
tence of biases between different satellites and different
methods of estimating UTH does not represent a fun-
damental limitation in the quantitative use of UTH for
climate applications. Instead, it indicates the need for
a careful program of intercalibration of satellite water
vapor radiance channels and of UTH methods. In spite
of the progress made over the last decade, recent work
examining satellite calibration [Bréon et al., 1999] and
satellite intercalibration [Bréon et al., 2000; Sohn et
al., 2000] have revealed significant biases, but these bi-
ases are currently being worked on. Similarly, a pro-
gram to intercompare methods to retrieve UTH has
been started. Early results of these intercomparison
programs indicate that the biases found in this present
analysis are likely to be reduced, even beyond the known
sources of biases discussed in this paper. Careful in-
tercalibration of the different instruments and differ-
ent UTH methods will be required to achieve this goal.
More extensive results on these programs will be re-
ported in future articles.
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